[1] Numerical simulations of magnetic clouds (MCs) propagating through a structured solar wind suggest that MC-associated magnetic flux ropes are highly distorted by inhomogeneities in the ambient medium. In particular, a solar wind configuration of fast wind from high latitudes and slow wind at low latitudes, common at periods close to solar minimum, should distort the cross section of magnetic clouds into concave-outward structures. This phenomenon has been reported in observations of shock front orientations, but not in the body of magnetic clouds. In this study an analytical magnetic cloud model based upon a kinematically distorted flux rope is modified to simulate propagation through a structured medium. This new model is then used to identify specific time series signatures of the resulting concave-outward flux ropes. In situ observations of three well studied magnetic clouds are examined with comparison to the model, but the expected concave-outward signatures are not present. Indeed, the observations are better described by the convex-outward flux rope model. This may be due to a sharp latitudinal transition from fast to slow wind, resulting in a globally concave-outward flux rope, but with convex-outward signatures on a local scale. 
Introduction
[2] Observations of coronal mass ejections (CMEs) and the resulting interplanetary CMEs (ICMEs) are generally limited to remote coronal observations and a single in situ spacecraft observation, respectively, though a limited number of multispacecraft in situ observations of an ICME have been reported [e.g., Riley et al., 1997] . Thus modeling and simulation results of the evolution of ICMEs during their propagation through the heliosphere have been pivotal in understanding and interpreting the limited information available.
[3] Magnetic clouds (MCs) are a subset of ICMEs characterized primarily by a smooth rotation in the magnetic field direction and enhancement in the magnetic field intensity as the transient structure passes over an observing spacecraft [Burlaga et al., 1981] . This signature has been interpreted and modeled as a force-free magnetic flux rope, enabling the global properties of MCs to be derived from single-point in situ measurements [e.g. Burlaga, 1988] . In reality, the flux rope is unlikely to be force-free, with deviations away from a circular cross section arising from both expansion in a spherical geometry [Riley and Crooker, 2004] and interaction with an inhomogeneous medium [e.g., Riley et al., 1997; Manchester et al., 2004] .
[4] As CMEs typically have angular widths of $50-60°a nd originate from latitudes close to the streamer belt [e.g., Hundhausen, 1993; Gopalswamy, 2004] , they may frequently experience large gradients in ambient solar wind speed over their latitudinal extent. This effect will be particularly prevalent at times close to solar minimum, when high-speed solar wind typically emanates from the high latitude polar regions, and slower wind comes from the low latitude helmet streamer-associated regions [e.g., McComas et al., 2003] . Numerical hydrodynamic simulations of CME-like density clouds propagating into such a bimodal medium suggest the cross-sectional shape of the transient structure becomes highly distorted [Riley et al., 1997] , resulting in a concave-outward shape if the center of the density cloud is close to the latitude of the solar wind speed minimum [Odstrcil and Pizzo, 1999] . This distortion has been shown to occur even when the magnetic flux rope structure of a magnetic cloud is included [Odstrcil et al., 2004a; Schmidt and Cargill, 2001; Manchester et al., 2004] , as the flow momentum greatly exceeds any restraining forces arising from magnetic tension [Riley and Crooker, 2004] .
[5] Observational evidence for this phenomenon has so far been limited to deformation of shock fronts ahead of ICMEs [Burton et al., 1992] , though data-driven shock propagation models also find evidence of decreased shock speeds close to the ambient solar wind speed minimum [Smith et al., 1996] . However, this effect has not been reported in the body of ICMEs (i.e., within the magnetic flux rope in the case of MCs). In this study an analytical magnetic cloud model based upon a kinematically-distorted flux rope [Owens et al., 2006 , hereinafter referred to as ''Paper 1''] is modified to simulate propagation through a structured solar wind flow. This new model is then used to predict observable signatures of the resulting concaveoutward flux rope structure. In situ observations of three well documented magnetic cloud encounters are analyzed for evidence of such signatures.
Flux Ropes in a Structured Solar Wind
[6] Recently, a model for the magnetic field structure of MCs has been developed that accounts for kinematicdistortion of the flux rope which naturally arises from internal pressure-driven expansion during antisunward propagation (Paper 1). This results in a flattened flux rope cross section, very similar to the concave-outward ''pancake'' structures obtained by numerical simulations of ICMEs in an approximately uniform solar wind [e.g. Riley and Crooker, 2004; .
[7] The analytical expression for the kinematically distorted flux rope model of Paper 1 is derived in the following manner (see Paper 1 for a more detailed description of the model): at time t = 0, the magnetic cloud is assumed to take the form of a constant-a, force-free flux rope of radius r 0 , axial field strength B 0 and helicity H at a position P R = h 0 , P q = 0 in heliocentric polar coordinates (see Figure 1) . As in Paper 1 a, defined by J = aB, J and B being the current density and magnetic field vectors, respectively, is set to 2.408. This defines the flux rope outer boundary to be the distance from the axis at which the field becomes completely poloidal field.
[8] Positions within the flux rope are described by flux rope axis-centered polar coordinates (r,f), with f = 0 coinciding with q = 0. Each point within the flux-rope then moves subject to two velocities: expansion at speed V EX r/r 0 in ther direction and transit in theR direction at speed V TR . An expansion factor, A, is defined as the ratio of V EX to V TR . To maintain a constant angular extent, as is frequently reported in coronagraph observations of CMES [e.g., Hundhausen, 1993; St. Cyr. et al., 2000; Gopalswamy, 2004] , it is necessary to limit the expansion velocity to thê R component. Thus at a time t, a point initially inside the flux rope at a point P 0 = (P R0 , P q0 ) will be at:
[9] In Paper 1, V TR was assumed to be constant. In this study, a q dependence is added to V TR to simulate the flux rope's response to the latitudinal variation in solar wind speed. Thus it is assumed parts of the flux rope embedded in fast solar wind transit faster than parts of the flux rope in slower solar wind, in a process analogous to aerodynamic drag [Cargill, 2004] . This approach ignores magnetic tension forces in the flux rope that would act to resist distortion. Numerical MHD simulations of flux ropes treat the evolution of the magnetic fields self-consistently and suggest that even in the high beta regime of magnetic clouds this is a valid approximation, as the flow momentum is much greater than the restraining magnetic tension forces [Schmidt and Cargill, 2001; Manchester et al., 2004] . However, we note that the model is probably less applicable to magnetic clouds with extremely strong magnetic fields.
[10] In principal any analytical or data derived function of V TR (q) could be used, so long as the function is continuous (to preserve r Á B = 0), positive and the minimum value of V TR is greater than V EX (so as to provide a physical solution). This study uses the following analytical form (see also Figure 2 ):
where V MAX is the transit speed of the fastest moving part of magnetic cloud, and the remaining parameters describe a sinusoidal dip in transit speed: DV is the depth of the dip (i.e., the maximum contrast between the fastest and slowest moving regions), q W is the width of dip and q 0 determines the offset between the center of the dip and the flux rope axis. Thus with small values of q 0 , this equation approximates the effect on the magnetic cloud transit speed resulting from a solar wind speed configuration frequently found at solar minimum: fast wind emanating from the poles of the Sun, and slow streamer belt-associated wind at lower latitudes. Note that coronal and heliospheric models driven by the observed photospheric magnetic field [e.g., Arge et al., 2004; Odstrcil et al., 2004a Odstrcil et al., , 2004b frequently predict uniform fast wind at high latitudes with an approximately sinusoidal dip in solar wind speed associated with streamer belt latitudes. Thus it is assumed that V TR varies in a similar manner to the ambient solar wind speed. The dashed line in Figure 1 shows the transit speed as a function of q for V MAX = 650 km/s, DV = 250 km/s, q W = p/6 and q 0 = p/9. The right hand curves show the crosssectional shape of the resulting magnetic cloud at 1 AU: a concave-outward shape is formed.
[11] As in Paper 1 it is assumed that for a given value of r, the ratio of axial to nonaxial magnetic field strengths is the same as in the force-free flux rope model. Thus only the cross-sectional shape of the constant-a force-free flux-rope is modified by the model, and the magnetic field structure is simply given by:
See Figure 1 and Paper 1 for more detail.
[12] This new form for the magnetic cloud magnetic field, used with a solar minimum-type solar wind speed configuration, gives concave-outward structures very similar to the morphology of the density perturbations at 1 AU described by [Odstrcil et al., 2004b] , and the concaveoutward flux ropes of [Manchester et al., 2004] . A magnetic field time series of an observing ''spacecraft'' is obtained by evolving this structure in time past a fixed point in space, as opposed to taking a radial cut through the structure at a fixed time (see Paper 1 for more detail). The next section outlines possible observable signatures of such concaveoutward magnetic flux ropes.
Observational Signatures
[13] Convex-outward and concave-outward flux ropes, as produced by uniform and solar minimum-type solar wind configurations, respectively, result in markedly different in situ time series. Figure 3 shows the flux rope cross sections for a convex-(top) and concave-outward flux ropes (bottom) for the same flux rope parameters (listed in figure) . The structured solar wind used to derive the concaveoutward flux rope is parameterized by V MAX = 650 km/s, with a speed dip fixed a the axis of the flux rope (i.e., q 0 = 0). The width of the dip is set to be equal to the angular width of the flux rope (i.e., q W = p/6) so that there is some latitudinal speed gradient over the whole flux rope, as parts of the flux rope that extend out into uniform wind simply behave in an identical manner to the uniform solar wind flux rope of Paper 1. The depth of the dip (DV) determines how distorted the flux rope becomes by 1 AU. We choose a modest value of 250 km/s. Thus V TR = 650 -125(1cos[6q]).
[14] The flux rope axis (Y 0 , out of the page in Figure 3 ) is perpendicular to the radial direction. In geocentric solar ecliptic coordinates (GSE), the radial direction is ÀX GSE at the point of observation. The direction Z 0 is defined to be perpendicular to X GSE , pointing north relative to the ecliptic plane (i.e., along Z GSE when Y 0 = Y GSE ). The panels on the right show the magnetic field time series for a spacecraft intersecting the flux rope with an impact parameter of Y = 0.3, which is equivalent to 30% of the angular distance from the axis to the outer edge. The axial magnetic field variation (B Y 0) is very similar for both the convex-and concaveoutward flux ropes. Note, however, that the axial field peaks sooner for the concave case because the low-latitude portion of the flux rope is transiting at a slower speed than in the convex case. Thus the expansion factor, A, is higher for the concave flux rope due to the dip in V TR .
[15] The overall form of B Z 0 is also reasonably similar between the convex and concave cases, though it is consistently lower in magnitude for the concave case. The major difference occurs in B XGSE . For the convex case, B XGSE is small compared to the other components, and remains positive throughout the flux rope crossing, peaking at the center. However, for the concave case, B XGSE is large and displays a bipolar variation, passing through zero at the center. The variation in the two nonaxial magnetic field components (B XGSE and B Z 0) can be summarized by considering the angle, g, between the magnetic field vector in the nonaxial (X GSE Z 0 ) plane and the Z 0 direction, measured through positive X GSE (see Figure 3) . For the convexoutward flux rope, g remains positive throughout the Figure 2 . The latitudinally dependent form of the transit speed (V TR ) used in this study. There is a uniform transit speed of V MAX , except for the sinusoidal dip at low latitudes (assuming q 0 is small), characterized by a width (q W ), depth (DV), and an offset relative to the flux rope axis (q 0 ). ð3Þ spacecraft encounter, whereas for the concave-outward flux rope, g displays a bipolar signature.
[16] Figure 4 shows the predicted g profiles for spacecraft impact parameters (Y 0 ) of 0.9, 0.6, 0.3, 0.01, À0.3, À0.6 and 0.9 and for flux rope expansion speeds (V EX ) of 10, 50, 100, 150, 200, 250 km/s. In all cases H = +1, a = 2.408, r 0 = 1R S , h 0 = 2R S and V TR = 650 km/s. The left hand plots are for the convex-outward flux rope, whereas the right hand plots use a structured solar wind with V MAX = 650 km/s, DV = 250 km/s, q 0 = 0 and q W = p/6 to give a concave-outward flux rope, as per Figure 3 . The resulting flux rope cross sections at 1 AU for the range of V EX considered are shown below the g time series plots. The g plot limits are +180°to À180°, with the dashed line showing g = 0°. The major difference between the convex-and concave-outward flux ropes is the polarity of g: for the convex case, g is always either completely positive or completely negative. However, for the concave case, g always crosses through zero (except for very high jY 0 j parameters: it is unlikely such ''glancing'' encounters would result in the identification of a magnetic cloud in in situ data). Note that for Y 0 = 0, there is no latitudinal speed gradient even for the concave case, hence the convex-and concave-outward flux rope time series are identical at this point. However, the 180°variation occurs earlier in the time series of the concave case because of the higher effective expansion speed.
Comparisons With Observations
[17] To maximize the possibility of finding the concaveoutward flux rope signature in magnetic cloud observations, the events to which the model is compared must be carefully selected. The ambient solar wind needs to be essentially bimodal with latitude, limiting the time period from which events can be taken to the last solar minimum.
[18] As the model used to identify the concave-outward signature is essentially two-dimensional, it is necessary to select MC observations for which this is a reasonable approximation. Hence the observed flux rope axis is required to be almost perpendicular to the radial direction, minimizing effects of axial curvature. This situation arises when a magnetic cloud is intercepted close to leading edge, or ''nose,'' of the ejecta. It is often assumed that nose encounters arise when a magnetic cloud is associated with a full halo CME and activity close to the solar disc, as the CME velocity vector appears to be close to the Earth-Sun line. However, it should be noted that some apparently front-side halos CMEs do not result in ejecta at Earth [Cane and Richardson, 2003] . Additionally, for a concave-outward flux rope to be produced, the axis must be perpendicular to the direction of the solar wind speed variation. At solar minimum, when the speed variation is expected to be predominantly in the latitudinal direction, this translates to requiring the axis to lie close to the ecliptic plane. Combining these two axis orientation constraints means this study is limited to magnetic clouds with axes close to the ±Y GSE direction.
[19] In this study we choose not to perform formal ''fits'' of the model to the data (e.g., by minimizing the meansquare-error between the model and observed magnetic field time series), as the aim of this study is to look for qualitative evidence of concave-outward flux ropes. As both the concave-and convex-outward flux rope models cannot both be representative of the true magnetic cloud structure, minimization of the model time series to match observations can be extremely misleading. Instead, we fix h 0 , r 0 , R, a and V TR at default values (2 R S , 1 R S , 215 R S , 2.408 and 650 km/s, respectively). Variation of these parameters does not greatly affect the resulting magnetic field time series. We choose to fix the impact parameter, Y 0 , at a value of 0.3 (À0.3) for above (below) axis encounters. This value is large enough to differentiate between the convex and concave flux ropes, which are identical as Y 0 ! 0, but small enough to avoid classification as a ''glancing encounter.'' Again, the value of this parameter (within reasonable limits) does not qualitatively change the resulting time series of g: see Figure 4 . The expansion speed, V EX is determined by inspection of the asymmetry in the axial field time series, while the axial field strength, B 0 , is set so as to match the magnitude of the magnetic field components: it does not vary the form of the field variation. The helicity of the flux rope (H) can be simply determined by inspection of the observed B Z time series.
[20] To simulate a cloud propagating into a structured solar wind, we use V TR with a q dependence of the form outlined in equation (2). As in Figure 3 , we set V MAX = 650 km/s, q 0 = 0, q W = p/6 and DV = 250 km/s, as these give concave-outward structures qualitatively similar to Odstrcil et al. [2004b] and Manchester et al. [2004] .
Event of 15 May 1997
[21] The well studied CME of 12 May 1997 and resultant magnetic cloud at 1 AU on 15 May fit the event selection criteria very well. Both the semiemprical Wang-SheeleyArge (WSA) [Arge et al., 2003] model and the MHD around a sphere (MAS) [Linker et al., 1999] coronal MHD model use the observed photospheric magnetic field to derive a global solution to the ambient solar wind speed, and both predict the classic solar minimum bimodal solar wind structure at this time [Arge et al., 2004; Odstrcil et al., 2004b] . Webb et al. [2000] reported the CME formed a full, symmetric halo, with associated activity very close to the center of the solar disc. The resulting flux rope at 1 AU was determined to be almost exactly perpendicular to the radial direction (the axis was determined to lie along the Y GSE direction). [Odstrcil et al., 2004b ] fit a cone model [Zhao et al., 2002] to the coronagraph observations of the halo CME and determined the velocity vector to be within a few degrees of the Earth-Sun line. A density pulse with the same characteristics as the observed halo CME was injected into a numerical magnetohydrodynamic simulation of the heliosphere, using the MAS prediction of the ambient solar wind speed: the transient pulse became distorted into a concave-outward structure by 1 AU. In this section we look for similar distortion in the in situ measurements of the magnetic cloud flux rope.
[22] The thick solid lines in the top three panels of Figure 5 show the time series of the 5-min averaged magnetic field components (in GSE coordinates) observed by the MFI experiment on board the Wind spacecraft [Lepping et al., 1995] within the magnetic cloud boundaries determined by Webb et al. [2000] . The classic unipolar variation in B Y , starting and returning to zero, is characteristic of the axial field variation, meaning no transformation of the in situ data into flux rope coordinates of Figure 3 is necessary (i.e., B XGSE = B X 0, B YGSE = B Y 0 and B ZGSE = B Z 0). The slight asymmetry in the B Y profile, with a peak just before half the cloud's duration suggests moderate expansion relative to its transit speed. The B Z variation from negative to positive values is a clear indication of left-handed rotation of the magnetic field about the flux rope axis (i.e., H = À1). The persistently negative offset to B X suggests that the spacecraft was below the axis relative to the ecliptic plane [e.g., Owens and Cargill 2004] .
[23] On the basis of observed magnetic field components we set H = À1, V EX = 150 km/s and B 0 = 25 nT (the helicity is the same as that of Webb et al. [2000] , while the axial field strength is comparable to their estimate of 23 nT). The cross-sectional shape and point of interception is inset to the bottom left panel, with the Y GSE direction pointing out of the page. The time series resulting from this convex flux rope model is shown as the dashed lines in the three top left panels: there is good agreement between all three components of the observed and modeled magnetic field components. The bottom left panel shows the observed (solid) and model (dashed) g angle for the magnetic cloud. There is general agreement, particularly in the value of g near the start and end of the cloud passage. Note that the model underestimates the inclination of the magnetic field to the Z direction between $0.4 -0.8 of the cloud's duration.
[24] A concave-outward flux rope is obtained using the q-dependent form of V TR . Note that as this modified form of V TR reduces the transit speed, it is necessary to reduce the expansion speed too: V EX = 100 km/s matches the B Y profile well. The resulting concave flux rope cross section and point of interception is inset to the bottom right figure. The dashed lines in the top right three panels of Figure 5 show the magnetic field time series in GSE coordinates. The variation in B X and B Z is summarized by the time series of g (bottom right panel). The concave-outward model predicts g should switch sign, from positive to negative, as the cloud passes over the observing spacecraft. This is not observed.
[25] Note that if the point of interception (Y 0 ) is varied so as to allow the best match between the concave flux rope model and observed magnetic field time series, Y 0 ! 0, which corresponds to no speed gradient, and the magnetic field configuration becomes the same as the convex case.
Event of 12 January 1997
[26] The second event we consider is the 6 January 1997 CME and resultant magnetic cloud on 10 January, which was well studied by [Burlaga et al., 1998 ] due to the occurrence of the prominence-like material at the trailing end of the cloud. WSA and MAS coronal models both predict a bimodel solar wind structure at this time (N. Arge and P. Riley, personal communication, 2006 . See also http:// iMHD.net/mhdweb). This event has a full halo CME with transit vector determined to be very close to the Earth-Sun line [Michalek et al., 2003] . As with the 12 May event, the axis of the associated magnetic cloud seems to be highly perpendicular to the radial direction: by inspection the axial field appears to lie along ÀY GSE . The profile of B Y is fairly symmetric, suggesting less expansion than in the May 12th case. The negative to positive rotation of B Z indicates a right-handed rotation about the axial field, and the negative offset to B X suggests the spacecraft passed below the axis relative to the ecliptic [e.g., Owens and Cargill, 2004] . Thus we set H = 1, V EX = 100 km/s and B 0 = 20 nT. Figure 6 shows the model and observed magnetic field components and g angle (in the same format as Figure 5 ). Note the profile of g is well matched for the convex case, though again there is an underestimation of the field inclination to the Z direction from about 0.4 to 0.7 of the cloud's duration. Figure 6 . The 6 January 1997 halo CME resulted in this magnetic cloud on 10 January. Same format as Figure 5 .
[27] To generate the structured solar wind flux rope model it is again necessary to reduce V EX to account for the reduction of V TR (V EX = 50 km/s is used). Again, the bipolar variation of g indicative of a concave-outward fluxrope does not seem to be present in the observations.
Event of 18 October 1995
[28] The final event considered is the magnetic cloud of 18 October 1995, which was studied extensively by Lepping et al. [1997] . Again, both WSA and MAS coronal models predict a bimodel solar wind structure at this time (N. Arge and P. Riley, personal communication, 2006 . See also http://iMHD.net/mhdweb). Although there are no coronagraph observations at this time, Lepping et al. [1997] determined the axis of the magnetic cloud was very close to the Y GSE direction, making it suitable for this study. Indeed, we find the unipolar variation in B Y agrees with axial field pointing close to the ÀY GSE direction. Figure 7 shows the the summary plot of the 18 October 1995 magnetic cloud (in the same format as Figure 5 ). As with the previous two events, the g profile is much better matched by the convex-outward than the concave-outward model. Note also the underestimation of g approximately halfway through the cloud.
Discussion
[29] In this study an existing magnetic cloud model based upon kinematically distorted flux ropes (Paper 1) was modified to include the effect of a structured solar wind, so as to give concave-outward structures thought to result from propagation into a solar minimum solar wind configuration. A robust signature of this concave-outward morphology was identified, and searched for in the spacecraft data. Three magnetic clouds were selected for their applicability to the analysis method and for their likelihood of forming concave-outward structures, due to both timing within the solar cycle and launch position. However, in all three cases the expected concave-outward signatures are not present. Furthermore, the simple uniform solar wind speed model, which forms convex-outward structures, fits the observations well. Possible causes of this surprising result can be broadly grouped into two categories: (1) the analysis methods used are not valid, and thus fail to detect the signatures of a concave-outward flux rope, and (2) the signatures of a concave-outward flux rope are not present in the in situ data (though the flux ropes may still be concave-outward on a global scale, as will be discussed).
[30] The first category is that where the analysis methods used are not valid.
[31] 1. The flux rope axis is not correctly determined for the in situ observations. This seems unlikely as the field in the determined axial direction matches very well what we expect from the model (along with the good fit of the model in general). Furthermore, for two of the three events, coronagraph and EIT observations suggest the magnetic clouds should be intercepted very close to the nose, and hence have axes perpendicular to the radial direction.
[32] 2. Effects of axial curvature are important and overwhelm the signatures we are looking for. For the apparent nose crossings selected for examination in this study, we expect the changes along the axial direction to be small compared to the changes perpendicular to the axis, and therefore the effect of curvature to be small.
[33] 3. Compression/rarefaction forces acting on the flux rope are not adequately taken into account, beyond the added latitudinal dependence of the local transit speed. While this would certainly change the magnetic field strength (this effect does seem to be observed by the underestimation of g from 0.4 to 0.7 of the way through the MC crossing), it seems unlikely that this would have such a large effect on the magnetic field orientation throughout the flux-rope. However, it should be noted that two of the three magnetic clouds were followed by fast solar wind streams [Odstrcil et al., 2004b; Burlaga et al., 1998 ].
[34] The second category is that where signatures of concave-outward flux rope are not present in the data:
[35] 1. Magnetic cloud distortion by a structured solar wind simply does not occur: magnetic clouds largely ignore the effect of a bimodal solar speed as the magnetic tension resists distortion. This strongly contradicts the results of multiple numerical simulations. It would suggest that magnetic tension forces are being severely underestimated. This effect would be more pronounced in magnetic clouds with very strong magnetic fields.
[36] 2. The speed variation at low latitudes required to provide the distortion is not present (i.e., the real solar wind speed is approximately uniform with latitude). Highly unlikely, as both WSA and MAS models of corona at this time suggest the corona was ordered so as to produce slow wind at low latitudes and fast wind from poles, which agrees well with observations at 1 AU.
[37] 3. All three magnetic cloud encounters were made at precisely the latitude of the solar wind speed minimum, and hence had no latitudinal speed gradient. This is statistically unlikely, and the fact that the observed radial fields are nonzero suggest this is not the case.
[38] 4. Distortion is not present in single spacecraft in situ data because the transition from fast to slow wind is sharp, allowing the parts of the flux rope in fast/slow wind to expand independently [e.g., Riley et al., 1997] . Discussed below.
[39] The left (center) panel of Figure 8 shows the cross sectional shape of a flux rope propagating through a uniform (structured) solar wind, resulting in a convex-(concave-) outward flux rope. The right panel shows a similar speed dip near the flux rope axis, but with a sharp latitudinal transition in speed. This results in the flux rope effectively breaking into separate latitudinal sections, which individually expand as per the uniform solar wind case. This would allow the flux rope structure to be concave-outward on a global scale, and thus drive shocks with a concave outward shape [Burton et al., 1992; Smith et al., 1996] , but be convex-outward on a local scale, as measured by in situ observations.
[40] Further observational work is required to fully resolve this issue. In particular, multi-spacecraft observations of the same magnetic cloud, particular those well separated in latitude, will be necessary [e.g., Riley et al., 1997; Mulligan and Russell, 2001] . Recent data from the solar mass ejection imager (SMEI) [Jackson et al., 2004b] may be able to provide a unique insight into the global morpholgy of ICMEs, particularly in conjunction with tomographic techniques [Jackson et al., 2004a] . A combined modeling/observation approach will also be useful: cone model fits to coronagraph images of halo CMEs [e.g., Zhao et al., 2002; Michalek et al., 2003] can provide an estimate of the velocity, position and width of a magnetic cloud, whereas coronal/heliospheric models such as WSA [Arge et al., 2004] and MAS-ENLIL [Odstrcil et al., 2004a] can provide a reconstruction of the ambient solar wind speed into which the clouds propagate. A parameterised relation between the solar wind speed and the local magnetic cloud transit speed may be possible [e.g., Cargill 2004] .
[41] Finally, for the three events studied here, we note the overestimation of the flux rope magnetic field vector to the radial direction close to the middle/rear portion of the magnetic cloud. This suggests that this portion of the cloud is not as elongated as the kinematic flux rope model suggests. Three possible explanations present themselves: (1) that the constant a approach taken here needs to be modified, (2) ignoring magnetic forces is not a valid assumption in this region, (3) that rarefaction/compression effects need to be taken into account. A statistical study of a large number of magnetic clouds is required. Figure 8 . The flux rope cross sections (solid lines) resulting from different speeds as functions of latitudes (dashed lines). The left panel shows the uniform solar wind case, resulting in a convex-outward structure. The center panel shows a smooth dip in speed near the axis of the flux rope, which leads to the concave-outward cross section. The right panel shows a similar dip in speed close to the axis, but with a sharper transition from fast to slow wind. This results in a concave-outward structure on the global scale, but local in situ observations would reveal a convexoutward configuration of the flux rope field.
